[1] We investigate the two-dimensional structure of auroral poleward boundary intensifications (PBIs). PBIs are a nightside auroral intensification that has been studied primarily with ground-based meridian scanning photometers (MSPs). They have a signature that in the MSP data, appears as an increase in intensity at or near the magnetic separatrix and is often seen to extend equatorward. They are also associated with fast flows in the tail and are thus important to the dynamics of the plasma sheet. MSP data provide information about the temporal evolution of the aurora in one spatial dimension, in this case roughly along a magnetic meridian. This paper is motivated by a desire to determine the physics of PBIs that is revealed by their two-dimensional structure. To do this, we have identified a number of PBI events in the CANOPUS Rankin Inlet and Gillam MSPs that occurred at times when high-resolution, two-dimensional images of the aurora over the same region were also available. The two-dimensional images used in this study were obtained by the Freja UV imager, from October 1992 to January 1993, and by the CANOPUS Gillam all-sky imager during the winter viewing season of 1996-1997. We find that PBIs, as observed by the MSPs, are either equatorward extending or nonequatorward extending. Equatorward extending PBIs are either north-south aligned structures or east-west arcs propagating mostly equatorward, but we were not able to determine without doubt which type is the most prevalent. We suggest that equatorward extending PBIs may be the auroral footprint of two major modes of energy transfer in the plasma sheet: multiple, narrow, earthward fast-flow channels in the plasma sheet and sequences of azimuthally broad and primarily earthward propagating phase fronts initiating near the separatrix. Nonequatorward extending PBIs are found to mostly be a series of multiple bead-like intensifications along the poleward boundary of the aurora zone. Such PBIs may be evidence for shear instabilities at the separatrix boundary on the flanks of the magnetotail.
Introduction
[2] Auroral poleward boundary intensifications (PBIs) are nightside geomagnetic disturbances with an auroral signature that appears as an enhancement near the magnetic separatrix that can then extend equatorward to lower latitudes inside the auroral oval. PBIs have been primarily studied using meridian scanning photometer (MSP) data from the CANOPUS chain [Lyons et al., 1998 [Lyons et al., , 1999 Zesta et al., 2000] . The MSP data showed that PBIs occur repetitively with a period of $10 min and during all levels of geomagnetic activity [Lyons et al., 1998 ], though they are more frequent following the expansion phase of substorms than during quiet times. Individual case studies showed that PBIs are associated with enhanced and bursty tail reconnection [de la Beaujardière et al., 1994] and with bursty bulk flows (BBFs) in the tail [de la Beaujardière et al., 1994; Kauristie et al., 1996; Lyons et al., 1999; Zesta et al., 2000] . Lyons et al. [1999] showed that the association between BBF and PBI periods exists during both substorm and nonsubstorm periods and argued that PBIs may be the auroral signature of BBFs.
[3] Understanding the types of plasma transport in the magnetotail is essential to our understanding of the dynamics of the magnetosphere and of the transfer of solar wind energy within the magnetosphere-ionosphere system. BBFs are transient, short-lived, earthward flow bursts that are frequently observed in the Earth's plasma sheet and account for a significant fraction of the transport of energy, momentum, and magnetic flux through the central plasma sheet (CPS) [Baumjohann et al., 1990; Angelopoulos et al., 1992; Sergeev et al., 1996 Sergeev et al., , 1999 . It is only in recent years that researchers have tried to identify the auroral signature of BBFs as a means of remotely and more globally studying this important dynamic process of the magnetotail.
[4] North-south aligned auroral forms often appear on the nightside during disturbed conditions [Sergeev et al., 1999; Donovan et al., 1998 ], and it has been argued that they are a signature of rapid, transient flows in the central plasma sheet [Henderson et al., 1998; Sergeev et al., 1999] . Henderson et al. [1998] and Sergeev et al. [1999] studied north-south aligned auroral structures during the expansion and early recovery phase of substorms but only indirectly associated them with BBFs intruding deep in the magnetosphere. More recently, Zesta et al. [2000] showed a one-toone correlation between PBIs that appear as north-south structures in the aurora and fast flows in the tail. Zesta et al. used a fortuitous conjunction between the CANOPUS allsky imager (ASI) and MSPs and the Geotail spacecraft, which was located 30 R E down the magnetotail. This conjunction occurred on 7 January 1997 and a series of five equatorward extending PBIs were clearly identified as north-south auroral structures and were each directly associated with an earthward flow burst observed by Geotail. The five PBIs occurred during and after the late recovery phase of a substorm.
[5] The one-to-one association found by Zesta et al. [2000] , the general association of PBIs with BBFs found by Lyons et al. [1999] , and the correlation of north-south auroral structures with BBFs [e.g., Henderson et al., 1998; Sergeev et al., 1999 Sergeev et al., , 2000 indicate the need to determine the full two-dimensional auroral signature of the disturbance defined as poleward boundary intensifications with the MSPs. MSPs offer only one-dimensional information and temporal evolution of the auroral structure that constitutes a PBI. In order to understand the one or more dynamic processes in the plasma sheet that give rise to PBIs, we need to know their two-dimensional auroral structure. Are they always north-south auroral structures as seen by Zesta et al. [2000] , or can they also be east-west arcs or some other auroral form?
[6] In the present paper we use MSP data from the CANOPUS stations of Rankin Inlet and Gillam at approximately the same magnetic longitude for a total of 42 PBI events and determine the two-dimensional structure of the PBIs using the CANOPUS ASI at Gillam and images from the Freja spacecraft.
Observations
[7] Figure 1 shows the locations of the two CANOPUS stations used in our study, Rankin Inlet (magnetic latitude Ã = 73°, magnetic longitude = À26.6°) and Gillam (Ã = 67°, magnetic longitude = À29°). The station Fort Smith (Ã = 68°, magnetic longitude = À55.7°) is also shown in Figure 1 , but we used the MSP from Fort Smith rarely and only as a complementary source. In recent years the only ASI operating with a field of view overlapping that of the CANOPUS MSPs has been the CANOPUS imager located at Gillam. The MSPs and the ASI observe optical aurora. The heavy bars centered in the locations of the three stations in Figure 1 indicate the 170°field of view of the MSPs projected up to an altitude of 110 km, the presumed altitude of 5577 Å auroral emissions. The circle centered at the location of Gillam is the 140°field of view of the ASI projected up to 110-km altitude as well. Observations from the MSPs at Rankin and Gillam have a partial overlap and can be merged to produce emission observations over a longer range of latitudes. The solid lines in Figure 1 indicate lines of constant geomagnetic latitude at 65°, 70°, and 75°. The field of view of the ASI at Gillam is from $63.5°to 70°g eomagnetic latitude, implying that the poleward boundary of the aurora does not typically come into its field of view. This limits the number of conjunctions when PBI events were in the field of view of Gillam.
[8] Freja was launched in October 1992 to investigate fine structure plasma processes in the topside ionosphere and occasionally had a field of view that overlapped that of the CANOPUS MSPs. Freja had a 63°-inclination elliptical orbit with an apogee at 1756 km and perigee at 600 km. The ultraviolet imaging experiment recorded the auroral distribution with spatial and temporal resolution comparable to that of ground instrumentation (spatial resolution of 22 km and temporal resolution of 6 s between successive images). Unfortunately, the UV imager on Freja only operated for the first two and a half months of the spacecraft's lifetime (17 October 1992 to 9 January 1993), so data availability is limited.
[9] The Freja auroral imager and the Gillam ASI imager provide distinctly different information and they very nicely complement each other in the present study. The ASI records one complete image of its full field of view in three different filters (6300 Å , 5577 Å , and 4861 Å ) once every minute. The Freja imager took one image from both cameras every spin of the spacecraft (6 s) until the oninstrument memory was filled, after accumulating three pairs of image data. The instrument then waited for 140 s for the spacecraft telemetry system to download the data before resuming the imaging cycle. The Freja imager therefore provides relatively high spatial resolution data; however, owing to the fact that only a few images are recorded every orbit over a given geographic location, we cannot observe the temporal evolution of specific auroral structures. This limitation is balanced by the fact that the Freja imager provides within several minutes an image of the auroral oval over many hours of local time. The ASI on the other hand provides moderately good temporal resolution (1 min) and excellent spatial resolution but has a more limited field of view. Therefore the ASI gives the temporal evolution of PBIs with excellent spatial resolution within a localized region, while the Freja UV imager gives the spatial structure of PBIs over a much larger region.
[10] Most of the PBI events identified in this study include multiple individual intensifications initiating at the poleward boundary. The poleward boundary of the auroral oval is typically too far north to be seen by the Gillam ASI. We therefore have identified the relatively rare occasions when the auroral poleward boundary moved south and into the field of view of Gillam or when the PBIs themselves extended far enough equatorward to reach the field of view of the Gillam ASI. We searched data from winter 1996 -1997 for PBI events that showed in both the MSP's at Rankin and Gillam and in the ASI at Gillam. We found a total of 14 such events, including one event from 13 February 1993, which had been identified in a previous study. We also used the full database of the Freja UV imager at times when its field of view overlapped the Rankin and Gillam fields of view. That resulted in 28 events. During the time that Freja was operating, the ASI at Gillam was not, so we have no overlapping events from the smaller field of view of Gillam and the larger field of view of the Freja imager. Nevertheless, the separate MSP-ASI and MSP-Freja conjunctions offer useful and complementary new insights in determining the two-dimensional structure of PBIs.
[11] We first determine the two dimensional structure of the different types of PBI events. We also determine propagation velocities of the auroral structures associated with the PBIs, and the local time occurrence rates of those auroral structures. We finally make some deductions on the physics involved in the processes that create the auroral structures associated with PBIs.
Meridional Scanning Photometer and All-Sky Imager Conjunctions
[12] Figure 2 shows a typical example of PBIs from 23 December 1996. We identified all PBI events by visual inspection of the MSP data. PBI events are defined as a set of repetitive, short-lived 5577 Å emission intensifications, initiating at or near (within $1°) the poleward boundary of the auroral oval as determined from the 6300 Å emissions. This boundary is within $1°in latitude of the open-closed field line boundary [Blanchard et al., 1997] . The repetition rate is required to be ]15 min. These intensifications can either remain at the poleward boundary or subsequently extend equatorward (or in rare occasions poleward). Figure  2 shows the merging of MSP data from Rankin and Gillam. The MSP measures the intensity of auroral emissions as a function of elevation angle at various wavelengths and completes one full meridional scan every minute. By assuming that the auroral emissions at one wavelength come from the same altitude in the ionosphere (230 km for the 6300 Å emissions, 110 km for the 5577 Å and 4861 Å emissions), we convert the intensity measured versus elevation angle to intensity versus geomagnetic latitude. The top panel of Figure 2 shows 6300 Å emissions, which result from the diffuse electron aurora precipitation (energies <1 keV), as a function of invariant latitude and UT. The middle panel shows 5577 Å emissions, which result from harder (>1 keV) electron precipitation, and the bottom panel shows 4861 Å emissions, which result from proton precipitation and track the inner portion of the ion plasma sheet, where the proton characteristic energy maximizes. Intensifications at 5577 Å help identify discrete auroral forms such as those of PBIs. In this particular case the poleward boundary of the oval in 6300 Å emissions is not particularly clear because of moonlight scattering by haze at Rankin Inlet. This is evidenced by the $150 R intensities (yellow and orange colors) at latitudes 73°-80°during most of the time period shown in the top panel of Figure 2 . Despite the haze, we can still make out the latitudinal structure of the true auroral emissions. These are the emissions between 63°and 73°/74°for most of the time period shown, except during the 0300 -0330 UT period when aurora seems to extend poleward of the field of view of Rankin. (Hazy conditions are different from cloudy conditions, when all latitudinal information of auroral emissions is lost.) During this time, conditions at Gillam are clear. The 5577 Å auroral emissions at Rankin are far less affected by haze due to their much higher intensities, up to 8000 R. Note that the thin horizontal bars (red colored emissions indicated with arrows in Figure 2 ) lasting for $20 min near 0500 UT are images of the moon as seen at Gillam and Rankin Inlet. The moon is seen in all emissions but is clearest in the 5577 Å emissions. The time period plotted in Figure 2 is 0100 -0700 UT and the black arrow at 0630 UT indicates when the stations are at local midnight.
[13] There is a typical substorm onset at $0230 UT preceded by a growth phase, as evidenced by the equatorward motion of the equatorward edge of the aurora between 0130 and 0230 UT (best seen in the 4861 Å emissions). The substorm onset is identified by the intensification of the aurora near its equatorial edge and the subsequent poleward expansion of the region of intensified aurora. Then from 0325 to 0630 UT, during and after the recovery phase of the substorm, there is a continuous series of repetitive PBIs in the 5577 Å emissions as indicated by intensifications at the poleward boundary of the auroral zone. The PBIs from 0325 to 0355 UT remain very near the poleward boundary, while some of the later PBIs extend far equatorward, as happens for the series of PBIs that initiate after 0355 UT. We therefore characterize all PBIs included in this study as either: equatorward extending or nonequatorward extending. Note that the use of the term equatorward extending PBI, based on the MSP measurements, does not imply a specific spatial structure but rather the temporal observation of an auroral structure as seen from a series of meridional scans.
[14] By examining the ASI observations for the 14 PBI events we found that equatorward and non-equatorward extending PBIs can be categorized as one of three different types of two-dimensional auroral structures: north-south aligned and longitudinally narrow auroral structures, eastwest arcs propagating equatorward or poleward (such poleward moving arcs are seen during two events when the PBI signature appears near the magnetic separatrix and subsequently extends poleward), or 45°aligned (with respect to the magnetic meridian) structures that seem to be propagating equatorward and westward in the field of view of the ASI. We show below examples of each of those categories.
[15] Figure 3 shows MSP and ASI data for an event on 13 February 1993, where equatorward extending PBIs were seen in the ASI data as short-lived, north-south aligned auroral structures. The two panels at the top of the figure are the merged Rankin and Gillam data for 6300 Å (top panel) and 5577 Å (second panel) emissions from 0400 to 0700 UT. The stations cross magnetic midnight at $0630 UT as indicated in the second panel by a vertical bar. The latitudinal extent of the field of view of the Gillam ASI imager with the 5577 Å filter is indicated at the right of the second panel. The third panel shows 5577 Å emissions for the same time period from the station of Fort Smith, which is $2 hours of local time to the west of the Rankin and Gillam meridian. The bottom panel of Figure 3 shows a series of auroral images in the 5577 Å filter from the ASI at Gillam. The images are 1 min apart (except for missing data) and cover the time period 0520 to 0538 UT. The first image at 0520 UT includes for reference a grid of geomagnetic coordinates. The vertical and horizontal red lines of the grid indicate the 330°longitude and 67°latitude, respectively, at a height of 110 km. Both the longitude and latitude lines are 2°apart. For each image, north is on the top and east on the right. The intensity color bar is shown on the right of the images and the units are ''data numbers'' (higher value of data number indicates higher intensity) as opposed to Rayleighs because for the ASI it is not possible to make a quantitative determination of the intensity. That is done with the MSP, where the intensity is reliably converted to Rayleighs. The ASI is primarily used to study the structure of auroral forms, and only qualitative comparisons can be done between different ASI images. There is a series of primarily nonequatorward extending PBIs in the RankinGillam 5577 Å 0400 and 0515 UT. Then at $0520 UT an equatorward extending PBI occurs that extends into the field of view of Gillam. This is marked as PBI 1 in panel two of Figure 3 and under close inspection it appears to be at least a double equatorward extending intensification. The next equatorward extending set of PBIs occur just after 0530 UT and those too move into the field of view of Gillam and are marked as PBI 2 in Figure 3 . There are at least three separate intensifications that comprise this second PBI. The ASI images in the bottom panel of Figure 3 show north-south structures associated with PBI 1 that first appear in the field of view of Gillam at 0522 UT, stretch north-south by 0526 UT, and nearly disappear by 0528 UT. In the image of 0526 UT we can identify three different north-south structures, each one no more than 1°in longitudinal extent. The next north-south structure first appears in the Gillam ASI field of view at 0533 UT and it is associated with PBI 2. By 0535 UT we can again identify three separate north-south structures, but a minute later only one of these structures is still clearly visible. The structures associated with PBI 2 disappear from the field of view by 0540 UT. All north-south structures observed during this PBI event are $1°in longitudinal extent and are typically separated by 1°-2°in longitude.
[16] At the same time (0525 to 0610 UT), the Fort Smith MSP data (third panel in Figure 3 ) shows repetitive intensifications that appear to be PBIs extending equatorward to the instrument field of view. These PBIs appear similar to those observed by Rankin and Gillam. As we deduced from the Gillam ASI images, the north-south structures associated with PBIs 1 and 2 are azimuthally narrow and short lived (2 -3 min). The Fort Smith observations show that there may have been many other such equatorward extending PBIs (and thus similar north-south structures) during the same time period, over at least a 2-hour range of local times. The implications of this observation are quite important. North-south structures are known to occur behind the westward traveling surge and during the recovery phase of the substorm [Fukunishi, 1975; Rostoker et al., 1987; Nakamura et al., 1993; Henderson et al., 1998 ], or well after the typical recovery time of a substorm but still in association with a substorm. The present event occurs when there were no substorms (neither the optical data nor magnetometer data which we have checked from both the CANOPUS and Greenland chains show substorm activity between 0200 and 0730 UT) during the whole time period of Figure 3 , and while our stations are sampling from 2000 to 0030 MLT. This implies that multiple, longitudinally localized north-south aligned auroral structures can exist without substorms as a result of nonsubstorm related flow bursts in the tail.
[17] The north-south structures in Figure 3 had too short a lifetime to determine a propagation velocity. Nevertheless, we were able to determine that for most other north-south PBI events the auroral structures had a westward azimuthal propagation speed of $600 -800 m/s in the ionosphere. Such speeds are larger than typical nightside convection speeds, except during periods of high activity (M. Ruohoniemi, private communication, 2001) . It is thus likely that the arcs propagation speeds represent phase speeds that are greater than the speeds of the background convection during this relatively quiet interval. However, we cannot be certain of this without simultaneous measurements of ionospheric flows and north-south structures.
[18] In summary, during the event of 13 February 1993 shown in Figure 3 we identified two sets of equatorward extending PBIs that are north-south aligned auroral structures. Individual structures were longitudinally narrow ($1°) and short lived (1 -3 min). The data are consistent with there being many such structures in the 2000 -2400 MLT region at any given time for the events on this day.
[19] Figure 4 shows an example of a series of three PBIs that are east-west arcs propagating equatorward. This event occurred on 31 January 1997. Figure 4 has the same format as Figure 3 , namely the top and middle panels show the merged Gillam and Rankin MSP data for 6300 Å and 5577 Å emissions, respectively, and the bottom panel is a series of images from the Gillam all-sky imager. Data from Fort Smith are not shown in Figure 4 . The MSP data are plotted for 0400 to 0800 UT. It can be seen in the 5577 Å emissions that there is a series of PBIs from 0420 to 0530 UT. Between 0420 and 0500 UT the PBIs are not equatorward extending. There are three poleward extending structures coming out of the equatorward edge of the aurora at the same time. We do not consider these structures as PBIs, since they appear to be coming out of the equatorward auroral boundary and are not connected with the poleward boundary. Between 0500 and 0530 UT however, we identified four clear equatorward extending PBIs that are marked in Figure 4 as 1, 2, 3, and 4. Only PBIs 1, 2, and 3 extend into the field of view of the ASI, and their onsets at the poleward boundary are at 0458, 0505, and 0510 UT, respectively. Several minutes later they each expand equatorward into the field of view of Gillam. The bottom panel of Figure 4 shows a series of 5577 Å ASI images (to be directly compared with the MSP observations in the middle panel), at 1-min intervals from 0500 to 0530 UT. A grid of geomagnetic coordinates is plotted over the first image for reference, as in Figure 3 . In the 0500 UT image we can see two east-west arcs, the poleward one being the strongest. Between 0500 and 0506 UT the equatorward arc splits into thinner arcs, while the poleward arc appears to move poleward and out of the field of view of Gillam. Comparing these images with the 5577 Å MSP observations, we find that the equatorward arc of the ASI images is the weak equatorward and continuous precipitation centered at 67°latitude in the MSP observations. The poleward moving arc is the third and last poleward moving intensification in the MSP observations, which is centered at 0500 UT and extends between the latitudes of 67°and 69.5°. Again, we do not consider this poleward moving structure to be a PBI. The first PBI (identified as 1 in the MSP middle panel) first appears in the Gillam ASI field of view at 0507 UT, in the upper right corner of the image. Between 0507 and 0514 UT the arc associated with PBI 1 becomes observable as an eastwest arc that moves equatorward toward the location of the original weak equatorward arc and decreases in intensity. The arc associated with PBI 2 first appears in the ASI image of 0512 UT. It too moves equatorward as an east-west arc until it merges with the equatorward arc at 0519 UT. By that time the equatorward arc has intensified and split to two thin arcs located at the center of the field of view of the Gillam ASI. Finally, the arc associated with PBI 3 first appears in the ASI field of view at 0521 UT, and by 0529 UT it has moved equatorward, diminished in intensity and merged with the equatorward arc. PBI 4 is barely visible at the northward edge of the ASI field of view in the 0530 UT image, and it never moves farther equatorward. After 0530 UT the original equatorward arc intensifies significantly and moves poleward in agreement with the continuous structure shown in the MSP 5577 Å emissions between 0530 and 0630 UT (this is a response of the nightside aurora to a solar wind pressure enhancement at that time).
[20] From Figure 4 we can estimate the propagation velocity of the equatorward moving arcs in the ionosphere. It takes all three arcs 7 -8 min to move through half the field of view of Gillam and merge with the equatorward arc that is sitting at the center of the field of view. The whole field of view of Gillam is $5°. Thus the arcs transversed 2.5°in 7 min, giving an equatorward propagation speed of $660 m/s. Once again, this speed is faster than typical nightside convection speed and thus could be a phase velocity or a convection velocity. If it is faster that convection, it would project to magnetotail speeds that are also faster than the convection speeds in the central plasma sheet at that moment. At this time we are not able to determine for sure if this is true. In summary, Figure 4 shows an example of an event where 3 PBIs were clearly seen as east-west arcs moving equatorward to meet aurora near the equatorward edge of the auroral oval.
[21] Figure 5 has the same format as the previous two figures and shows an example where PBIs are associated with 45°auroral structures. The event occurred on 10 October 1996 between 0100 and 0300 UT. Between 0100 and 0350 UT, there was likely strong convection as a result of a continuous negative IMF B z (not shown). Auroral activity extends to low latitudes and inside the field of view of Gillam. There is a substorm onset seen at $0350 UT at the local time of our photometers, and Gillam becomes cloudy between 0225 and 0355 UT (indicated in Figure 5 ), making it impossible to identify individual PBIs during that time period. Nevertheless, we can see repetitive PBIs occurring between 0100 and 0220 UT. The ASI images cover the time period 0100 to 0229 UT. We see a series of $45°aligned (with respect to the magnetic meridian) structures moving into the field of view from the northeast corner and propagating toward the southwest. There are many arcs/PBIs that occur repetitively during the 0100 -0229 UT period, but we identified the six most distinct ones both in the ASI and in the MSP emissions. They are marked as 1, 2, 3, 4, 5, and 6 in the middle and bottom panels of Figure 5 . Note that between 0105 and 0115 UT in the MSP data there are three distinct PBIs and the latter two also appear in the ASI similarly to the rest of the events of this day, but they soon turn north-south (as seen in the images of 0109 and 0114 UT). We have therefore classified these first PBIs as north-south structures, not 45°aligned structures.
[22] From Figure 5 we can estimate the propagation velocity of the 45°structures in the ionosphere considering that 1°in latitude is 111 km and 1°in longitude at 67°g eomagnetic latitude is 44 km. We find that most of the 45°s tructures have phase velocities of $1 km/s both azimuthally and latitudinally. This velocity is even higher than the velocities we found before, which could indicate phase velocities faster than typical ionospheric convection velocities ($200-500 m/s). However, once again we are not able to determine with certainty if this is the case or if the arc motion is the result of very high convection velocities. In Figure 5 shows a series of repetitive equatorward extending PBIs that are 45°aligned auroral arcs that appear to be moving equatorward and westward within the field of view of Gillam.
[23] We examined a total of 14 time periods with PBIs that extended into the field of view of the Gillam ASI. These were all equatorward extending PBIs. Out of these 14 PBI events the majority (8 of them) were north-south auroral structures, three of them were $45°aligned structures, and three of them were approximately east-west arcs propagating equatorward (1 event) or poleward (2 events).
Meridional Scanning Photometer and Freja Auroral Imager Conjunctions
[24] We found a total of 28 PBI time periods where there are auroral images from Freja in the field of view of the ground stations and reasonably good (not cloudy and no data gaps) data from the ground photometers. The Freja images show that PBI events can be clear north-south structures, east-west arcs, 45°aligned auroral structures, or ''beads'' (and sometimes ''swirls'') along the poleward boundary of the oval. The latter structure type is only seen from the Freja imager since, typically, the poleward boundary of the oval is poleward of the field of view of the Gillam ASI. Below we show examples of these different categories of PBI events as seen simultaneously from Freja and from the CANOPUS MSPs.
[25] Figure 6 shows a PBI event period from 13 November 1992. The top and middle panel show the 6300 Å and 5577 Å emissions, respectively, from Rankin Inlet (Gillam was cloudy during this time period and is therefore not shown). The poleward boundary of the aurora was between 73°and 71°from 0300 to 0520 UT and then expanded poleward. The lighter emissions seen at latitudes >74°in the 6300 Å are the result of light haze, which did not significantly affect the more intense 5577 Å emissions. The poleward boundary is out of the field of view from 0550 to 0715 UT. There is a series of PBIs during a large part of the time period plotted in Figure 6 (0400-0430 UT, 0520 -0740 UT). The poleward expansion of the poleward boundary starting around 0515 UT is possibly a substorm onset, but we are unable to tell with certainty without Gillam data. Inspection of the ground magnetometer data does not show a clear substorm onset but rather localized disturbances at different stations, and there is no magnetic field or particle data from geosynchronous orbit that is useful for this event. The Freja images show no clear evidence for a substorm surge either. The PBIs that occur between 0530 and 0700 UT occur during and after the period of poleward expansion of the oval. The bottom panel in Figure 6 includes three auroral images from the Freja spacecraft during the conjunction with the ground stations. The images are oriented from top to bottom in increasing time, and the equatorward edge of the auroral oval can be seen toward the lower edge in each image. The images are projected on an eccentric dipole field line (EDFL) coordinate grid and over the Gillam and Rankin stations. Thus latitudes will not agree with the invariant latitudes used for the CANOPUS MSP observations; however, directions between the two coordinate systems agree to within $5°. Overlaid on each image is the 170°field of view of Gillam (this is the field of view of the MSP) projected up to 110 km (white circle) in EDFL coordinates, the 24 MLT line, and lines of eccentric dipole latitude (typically at 60°and 70°). The three images are from 0544:25 UT to 0549:13 UT and show a clear northsouth auroral structure near the Gillam field of view. In the last image of 0549:14 UT we can see a series of at least four north-south structures as indicated with arrows in Figure 6 . The Freja data do not establish or refute the possibility that a substorm is occurring during this time. What is clear, however, is that the latitudinal extent of auroral activity in the midnight sector is in excess of 10 degrees of latitude, suggesting at least significant prior if not current activity.
We have shown, in Figure 3 , that a series of north-south auroral structures azimuthally aligned can occur during nonsubstorm periods. From Figure 3 we determined that such north-south structures can be short-lived (few minutes) and can propagate westward at speeds of 0.6 to 0.8 km/s in the ionosphere. That they move westward is confirmed by the Freja data in Figure 6 , which shows the most intense northsouth structure moving at $0.5 km/s toward midnight. As well, there is a clear indication that multiple north-south structures can exist. In this case they cover roughly one hour of MLT. We find that there are 4-5 north-south structures in $1 hour of local time, implying that the azimuthal separation of such structures is $3°-4°in the ionosphere.
[26] We have identified with an arrow in the 5577 Å emissions the PBI that is associated with the first northsouth structure seen in the Freja images. Unfortunately, with the poor quality of Gillam data we are unable to see the full equatorward extend of the PBIs in the MSP data. In summary, Figure 6 shows an example where equatorward extending PBIs are series of north-south structures separated by 3°-4°.
[27] Figure 7 shows an example from 1 December 1992, where nonequatorward extending PBIs are beads at the auroral poleward boundary, and an equatorward extending PBI is a north-south structure in the aurora. The top two panels of Figure 7 show the 6300 Å and 5577 Å emissions, respectively, for the time period 0100 to 0600 UT. This is a period with continuous PBIs at the poleward boundary. There were no substorms during this period (ground magnetometer data from CANOPUS and Greenland indicate substorm onsets at $0050 and $0800 UT), and PBIs are the most intense and important form of auroral activity. The equatorward boundary of the aurora is steady between 65°a nd 64°geomagnetic latitude, implying that the inner edge of the plasma sheet moved earthward and remained so for at least 6 hours. These are the typical conditions during a steady magnetospheric convection (SMC) event, so even though there is no IMF data available for this event, we believe that the IMF remained steady and southward for this time period. There were two consecutive orbits of Freja that passed over the Rankin and Gillam stations. Orbit 737 passed over northern Canada between 0214 and 0220 UT and orbit 738 passed over Gillam between 0408 and 0410 UT. The times of the two orbits are marked in the 5577 Å emissions with narrow vertical lines. The bottom panel has four Freja images, the first three are from orbit 737 and the fourth one is from orbit 738. The field of view of the Gillam MSP is overlaid as a circle on the images from orbit 737 as in Figure 6 . In the image of orbit 738 both the fields of view of Rankin and Gillam for the 5577 Å emissions are shown (170°fields of view projected up to altitude of 110 km). Lines of constant geomagnetic latitude and meridian lines at MLT hours are also marked in the Freja images.
[28] During orbit 737 the ground MSP recorded numerous non-equatorward extending PBIs. Just at the eastward edge of the Freja field of view in the 0214:54 UT image there is activity within the Gillam field of view at the poleward boundary. This poleward activity is better seen in the next Freja image (0217:32 UT) when the Gillam field of view is better covered. In this image the poleward boundary is very active and no significant auroral structure extends equatorward, consistent with the MSP data. The activity at the poleward boundary takes the form of beads [Murphree and Elphinstone, 1988] and closer inspection shows them to be vortex-like structures with a counterclockwise sense of rotation. Such formations are a common occurrence during times of the ''double oval'' type of auroral distribution [Elphinstone et al., 1995] , which the image of 0219:57 UT shows is occurring during this period. The vortices are aligned along the poleward boundary and are suggestive of an instability along the boundary such as the KelvinHelmholtz instability. The azimuthal scale size of these beads is $7°of longitude which translates to $300 km at that latitude. Incidentally, in the Freja image of 0214:54 UT the data show a series of arcs west of the field of view of Gillam at the same time when the beads are observed inside the Gillam field of view. These arcs may be associated with the equatorward extending PBIs observed in the MSPs between 0120 and 0140 UT, if we assume that such arcs persist for at least 40 min at that local time. This not an unreasonable assumption (see the discussion of Figure 8 below).
[29] During the next orbit the MSP records an equatorward extending PBI, approximately between geomagnetic latitudes 73°and 68°. This PBI is marked in the middle panel of Figure 7 . At that time the Freja viewing perspective is not very good, and the limited coverage of the Gillam and Rankin 5577 Å fields of view is shown in the image at 0408:47 UT. The image shows a north-south structure at $22.5 MLT, its poleward edge in the field of view of Rankin Inlet and extending into the field of view of Gillam.
[30] Figure 8 shows an example where equatorward and nonequatorward extending PBIs are east-west arcs that form at the poleward boundary and then likely move equatorward. The event occurred on 28 November 1992, and the time period plotted is from 0200 to 0600 UT, during which time the stations moved from 1930 to 2330 MLT. During this period of time, there were no substorms (both CANO-PUS and Greenland stations show no substorms between 0200 and 0700 UT; onsets occurred at $0050, 0710, and 0800 UT) and the equatorward edge of the oval remained steady at $67°geomagnetic. Emissions were strongly scattered by clouds at Rankin Inlet during the whole time period. We therefore only show data from Gillam. The poleward boundary of the oval is at the edge of the Gillam field of view for most of the time period plotted. The boundary of the 6300 Å emissions appears to have moved just poleward of the Gillam field of view between 0405 -0500 UT. There is continuous PBI activity during the 0320 -0545 UT period seen in the 5577 Å emissions. This event looks very much like a weak SMC, weak because the equatorial boundary of the aurora is not low. So again, we deduce that the IMF was steady and weakly southward throughout the time period plotted, even though there is no solar wind data available at the time.
[31] There are two Freja conjunctions during this time period, during two successive orbits of the spacecraft.
Orbit 698 passed over our ground stations at $0325 UT, when the stations were at 2100 MLT, and orbit 699 passed over the stations at $0518 UT, when the stations were near 2300 MLT. One Freja image is shown for each one of the orbits. During the pass of orbit 698, Gillam observes a series of equatorward extending PBIs and the Freja image shows that the full width of the oval is filled with a series of east-west arcs. In the 0325:44 UT image from Freja we can identify 4-5 distinct east west arcs extending in local time from 1900 to 2100 MLT and covering $6 -7 degrees of latitude. The image clearly shows the latitudinal extent of the series of east-west arcs, but their longitudinal extent could be larger than the field of view of the spacecraft imager particularly on the western side of the images. During orbit 698 the orientation of the arcs seen in the Freja imager is not strictly east-west. West of the Gillam field-of-view the arcs extend to much higher latitudes as the auroral distribution normally tends toward higher latitudes in this region. Nevertheless, the arcs are clearly aligned with the poleward (and equatorward) edge of the entire auroral emission region and are thus classified as ''east-west'' in keeping with the basic physical reasons behind that categorization. We are able to determine that the north-south extent of individual arcs is $1.5°of latitude which translates to 166 km. During orbit 699, Gillam observed nonequatorward and equatorward extending PBIs and the Freja image shows again a series of eastwest arcs latitudinally stacked, with a similar azimuthal span and latitudinal scale size as the east-west arcs observed during the previous Freja orbit. At this time the poleward boundary of the oval is not within the field of view of the imager, so we are unable to determine the number of distinct east-west arcs inside the full width of the auroral oval. The fact that there is continuous auroral activity during the whole interval plotted in Figure 8 and that during two consecutive orbits, almost 2 hours apart, Freja observes the same type of east-west structures, leads us to conclude that there were continuous series of eastwest arcs during the steady magnetospheric convection interval shown in Figure 8 . The arcs initiate near and are parallel to the separatrix boundary. They propagate equatorward in the ionosphere corresponding to earthward propagation in the plasma sheet. In the discussion section below, we consider the possibility that the arcs are either phase fronts of a global propagating wave mode or the ionospheric signature of BBFs that have significant azimuthal extent.
[32] Figure 9 shows an example from 21 November 1992, where PBIs are 45°aligned auroral structures. The time period plotted is 0200 -0600 UT, during which the ground stations moved from 1930 to 2330 MLT. Freja orbit 606 passed over the ground stations at $0420 -0425 UT. The viewing conditions at Gillam are poor owing to clouds, so we have not included Gillam observations in the figure. At Rankin Inlet (MSP data shown in Figure 9 ) the observed auroral distribution is somewhat spread in latitude by scattering due to haze. Nevertheless, latitudinal information of the auroral structures is preserved, and we are able to see a clear trace of the poleward boundary of the oval at $73°-75°in the 6300 Å emissions. The orange and yellow emissions above 75°in the 6300 Å emissions (and to a lesser degree in the 5577 Å emissions) are due to haze and do not represent auroral structure. We see PBIs as red-colored intensifications in the 5577 Å emissions occurring repetitively during the entire time period plotted. Many of the PBIs extended equatorward from 75°to 71°. Freja at that time observed a series of structures that traverse several degrees of latitude in the oval but have a significant inclination with respect to the main equatorward oval arc at the same time. We thus classify these structures as 45°aligned structures. This is in contrast to the clear north-south structures that are almost perpendicular to the main equatorward oval arc and traverse latitudes while remaining at approximately the same meridian. It is likely, however, that at least some of the structures that we classified as 45°aligned (like the ones shown in Figure 9 ) are physically the same as northsouth structures, except that magnetospheric conditions tilt the mapping from the north-south direction. Indeed, as has been shown by Henderson et al. [1994] , north-south structures can take on different orientations with time. Unfortunately, with the limited field of view of the Gillam ASI and the Freja individual images we are unable at this time to clearly determine if there is a real distinction between north-south and 45°aligned structures.
[33] We have shown examples of all the different types of two-dimensional structures that we have found to be associated with PBIs. We have also found four events where the Freja imager observes patches of disconnected intensifications, ''randomly'' distributed throughout the auroral oval and near the poleward boundary. During such events the poleward boundary is not clearly defined and active; we are therefore not certain that such events should be classified as PBIs. We do not show an example of such an event for brevity and we have marked them in our summary table below with a question mark.
[34] We examined a total of 28 time periods when PBIs seen in the MSP data were seen simultaneously as twodimensional structures by the UV auroral imager on Freja. From the 28 PBI events, approximately half were equatorward extending PBIs and the other half were nonequatorward extending PBIs. The interesting thing is that the majority of the equatorward extending PBIs were east-west arcs and only three were north-south structures. The majority of the nonequatorward extending PBIs were beads and swirls at the poleward boundary and none were north-south structures (as was expected).
Summary of Observed Poleward Boundary Intensifications Structures
[35] Table 1 shows a summary of our results. We classify all PBIs that we observe with the MSP as ''equatorward extending'' or ''nonequatorward extending.'' Again, we want to caution that these classifications refer to temporal observations of the actual two-dimensional auroral structure, whose exact shape and evolution cannot be determined solely with the MSP data. The two-dimensional auroral structures that are the observed PBIs are classified into four different categories: north-south aligned structures, 45°a ligned structures, east-west arcs, and beads/swirls along the poleward east-west arc. The alignment of the auroral structures is with respect to the magnetic meridian. A total of only four events were classified as patches, but we are not certain that these four events should be classified as PBIs.
[36] The total number of two-dimensional structures associated with our PBI events is 42, more than the total of 39 PBI event periods we examined. This is because a PBI event includes multiple PBIs, and their two-dimensional structure occasionally included more than one type of signature.
[37] From Table 1 we can draw some useful conclusions. The majority of equatorward extending PBIs are either north-south aligned or east-west aligned arcs that most likely appear near the separatrix and then move equatorward. To a lesser degree equatorward extending PBIs are 45°aligned auroral structures. Most importantly, it appears that there is approximately equal possibility that an equatorward extending PBI will be a north-south structure or an east-west arc propagating equatorward. If most, or at least some, of the 45°aligned structures represent the same physical process as the clear north-south structures, then our results would suggest that north-south structures are the most common auroral structure associated with equatorward extending PBIs. However, this result may be an artifact of our selection criteria for the PBI events. The strict majority of the equatorward extending PBIs observed with the Gillam ASI were north-south structures, while the majority of the equatorward extending PBIs observed with the Freja imager were east-west arcs! Our selected PBI events from conjunctions between the MSP and Gillam ASI may be biased to yield PBI events that are north-south structures, since we require that PBIs extend equatorward enough to enter the field of view of Gillam (note that there are no nonequatorward extending PBIs in the MSP-ASI conjunctions). On the other hand, the MSP-Freja conjunctions included all conjunctions that had clear MSP data, i.e., a more random selection of events. The MSP-Freja selection of events allows for nonequatorward extending PBIs. As a result we see only three clear NS structures, which may be a more reliable sampling of the PBI phenomenon. We also need to consider that the different fields of view of the ASI and Freja may introduce the opposite type of bias into our results. The ASI has a much smaller field of view, and better spatial resolution than the Freja imager. Thus the ASI may allow us to see NS structures that we cannot see from Freja. A much larger sample of events, chosen with unbiased selection criteria, is necessary to resolve this question, but this is beyond the scope of this paper and should be the subject of future work.
[38] Nonequatorward extending PBIs are mostly beads or swirls along the poleward boundary of the aurora, and to a lesser degree they are 45°aligned or east-west arcs. We did not find any nonequatorward extending PBIs that were associated with clear north-south structures. We were able to determine that the nonequatorward PBIs that were beads/ swirls were actually a series of multiple localized intensifications along the poleward boundary at times when the poleward boundary was distinct and clearly identified.
[39] Considering the majority of events, we conclude that equatorward extending PBIs are either north-south aligned structures or east-west arcs propagating equatorward, but we were not able to determine without doubt which type is most prevalent. Nonequatorward extending PBIs are most often a series of multiple bead-like or vortex-like intensifications along the poleward boundary of the aurora, but may also be 45°aligned or east-west arcs.
Discussion
[40] We have studied a total of 42 PBI events and found that they are mostly north-south structures in the aurora propagating westward, EW arcs propagating mostly equatorward, or 45°aligned structures propagating equatorward and westward. To a lesser degree they are beads/swirls along a distinct east-west arc at the poleward boundary of the aurora. It is likely that the first three categories represent two different modes of energy and momentum transfer from the separatrix toward the Earth and through the plasma sheet and the fourth category represents dynamic structures, such as result from instabilities, along the separatrix without propagation in the plasma sheet. We will discuss the north-south and east-west auroral structures first.
[41] North-south structures in the aurora are also known as ''streamers'' and are known to be associated with narrow channels of fast flows in the tail [e.g., Sergeev et al., 1999 Sergeev et al., , 2000 Nakamura et al., 2001] . Prior studies discussed northsouth structures as a feature of the recovery or ''extended recovery'' phase of a substorm [e.g., Henderson et al., 1998; Zesta et al., 2000; Nakamura et al., 2001] . We find in the present work that such structures can also occur during relatively quiet periods without substorm activation and during SMC periods (see Figure 3 for an example) and that they occur as a series of north-south structures longitudinally aligned with a separation of $3°-4°or less in the ionosphere. Individual north-south structures may also have a westward propagation velocity in the ionosphere of the order of 500 -800 m/s. This implies that there are multiple flow channels in the tail at any one time, each one longitudinally localized and often propagating westward, but together covering a significant width of the plasma sheet.
[42] Rostoker et al. [1987] discussed north-south structures observed with the Viking spacecraft during the expansion and recovery phase of a substorm. They argued that such structures may be the auroral projection (from precipitation) of the drift paths of electrons injected in the plasma sheet near the separatrix, assuming that these ''injections'' are localized. Rostoker et al. also observed a bifurcation of the north-south structures at their equatorward edge, also seen by Henderson et al. [1994] . Rostoker et al. [1987] explain this bifurcation as the effect of a northward electric field that cancels the eastward magnetic drift of the lowerenergy electrons in the inner earth region. As a result the higher-energy electron population would drift eastward under magnetic drift in the inner magnetosphere and the lower-energy electrons would drift westward with the ions. Even though we are not certain that there is such a northward electric field, we can confirm the observation both from Figure 6 , where a bifurcation shows in UV images, and from Figure 3 where the north-south structures in the 0535 and 0536 UT images bend both westward and eastward at their equatorward edge. We now know that the north-south structures are likely associated with fast flow channels in the plasma sheet, and it is not clear how these flow channels would be related to electron drift paths if Rostoker et al. [1987] are correct. On the other hand, the most widely accepted mechanism for the generation of BBFs in the tail is the plasma ''bubbles'' model [Chen and Wolf, 1993] , where localized and underpopulated flux tubes originating in the distant tail move earthward at high speeds, due to a polarization electric field within the bubble. Under this model, velocity shears at the duskward edge of the ''bubble'' create upward field-aligned currents that energize and scatter the local electron population into the loss cone, in which case the drift paths that are important are those of the ions that carry the bulk momentum of the BBF and drift westward in the inner magnetosphere. In this case the difficulty would be explaining the eastward bending edge of the north-south structure. This is an interesting controversy that may be solved by studying precipitating electrons along the two bifurcating edges of the north-south structure, but this is beyond the scope of the present paper.
[43] We observed that the PBIs associated with east-west arcs tend to be multiple east-west arcs latitudinally aligned across a significant width of the auroral oval. Even though we can only measure clear phase velocities of the east-west arcs from the ASI, we deduce that the east-west arcs associated with PBIs are mostly equatorward moving arcs. The two poleward propagating EW arc events in the ASI data were also poleward extending with time in the MSP data, while the equatorward propagating arcs were also equatorward extending with time in the MSP data. Thus, by analogy, if the E-W arcs seen in the Freja conjunctions correspond to PBIs, which extend equatorward with time in the MSP data, then they are most likely equatorward propagating E-W arcs. From all the PBI events associated with east-west arcs in the Freja conjunctions only one isolated intensification during a PBI event appeared to be poleward extending in time in the MSP data. We therefore assumed that the east-west arcs seen in the Freja images that are associated with equatorward extending PBIs must have moved equatorward after they are formed near the separatrix.
[44] We found that these east-west arcs have equatorward propagating velocities that are most likely too large to be the result of typical convection velocities in the plasma sheet (e.g., Figure 4 ). The propagation velocities we measure can only be BBF velocities in the plasma sheet if the arcs are the footprint of actual convection paths in the plasma sheet. Under this assumption the series of east-west arcs can only be repetitive fast-flow regions that are azimuthally wide (many times the width of a typical BBF).
[45] To investigate this issue we plot in Figure 10 the MLT occurrence of all the north-south (top panel) and east-west (middle panel) auroral structures that we identified. Given the uncertainties from the small number of events used to produce Figure 10 , we caution that our conclusions are only preliminary and qualitative. Nevertheless, Figure 10 indicates a preference for north-south structures to occur closer to midnight and for east-west arcs to occur more toward the duskward and premidnight flank of the magnetotail, which would argue for a local time effect. This finding is consistent with work done with Viking data by Henderson et al. [1994] looking at the entire midnight sector. Henderson et al. found that activations at the poleward boundary in the most westward part of auroral bulges produced east-west arcs, which split off and drift equatorward. Production of north-south structures was seen at later MLTs [Henderson et al., 1994, Figure 6] . Lu et al. [2000] traced multiple azimuthally narrow northsouth structures to the tail and found that they mapped to azimuthally narrow and radially extending channels of field-aligned currents (presumably the ones on the duskward edge of fast flow channels). The north-south structures traced by Lu et al. [2000, Plate 2] occurred during the recovery phase of a substorm and in the 1900 -2200 MLT region, and they mapped through the whole duskward flank of the magnetotail. This result precludes the possibility that BBFs occurring on the flanks might project to east-west arcs in the aurora. Fast-flow channels responsible for the auroral north-south structures tend to occur within a couple of hours around the midnight meridian (Figure 10 ), but even when they do not they still map to radially extending and azimuthally narrow channels in the tail [Lu et al., 2000] .
[46] To our knowledge, there is also no observational description or theoretical model of fast-flow channels that are azimuthally wide in the magnetotail. We therefore believe it more likely that the series of east-west arcs are phase fronts of a large-scale propagating wave mode in the tail, with a radial wave number and a frequency of several minutes. Recent works [Wright et al., 1999; Lyons et al., 2002] suggest that global magnetohydrodynamic wave modes propagating earthward are associated with equatorward propagating PBIs. We therefore think it is most likely that our east-west arcs are a manifestation of such a global mode in the tail.
[47] To further investigate this issue, we show in Figures  11a and 11b the projection in the tail of a north-south arc associated with a BBF on 7 January 1997 (see Zesta et al. [2000] for a description of that event) and of an east-west arc from 31 January 1997 (Figure 4) , respectively. We used the T96 [Tsyganenko, 1996] model to project the auroral signatures in the equatorial plane. While mapping to the tail with the T96 model has unknown accuracy, the model shows the projection of the north-south structure to be a primarily radial structure in the tail ranging in X gsm from À8 to À12.5 R E , while the east-west arc is a primarily azimuthal structure extending no more than 1 R E in the X gsm direction but at least 2 R E in the Y gsm direction. This reinforces our suggestion that north-south PBIs are associated with radially extending and azimuthally narrow fast flow channels, while east-west arcs are azimuthal wave fronts propagating radially in the plasma sheet. Figure 10 . Local time distribution of all the observed north-south structures, the east-west arcs, and the 45°a ligned structures. North-south structures tend to occur near the midnight region, while east-west arcs in the premidnight and dusk region. 45°aligned arcs seem to be a mixture of north-south and east-west arcs.
[48] If north-south auroral structures and east-west arcs represent two different modes by which the magnetotail transfers energy, then it is still unclear what the 45°s tructures represent. We found that 45°structures are narrow structures that cross many latitudes, just like the north-south structures, but they have a significant inclination with respect to the main oval equatorward arc. It is possible that at least a number of the structures that we classified as 45°structures represent the same physical mechanism as the north-south structures, namely that they are the auroral projection of fast-flow channels in the plasma sheet. It is also possible that some of the 45°s tructures were series of inclined east-west arcs, that owing to our limited field of view at the Gillam ASI we could not clearly identify as such (such an identification was possible in the arcs of Figure 8 from the larger field of view of Freja).
In Figure 10 we have plotted in the bottom panel the MLT distribution of the 45°structures we observed, and their distribution seems to be consistent with a mixture of northsouth structures and east-west arcs (top and middle panel in Figure 10 ). We therefore suggest that the 45°structures may not represent a separate dynamic process within the magnetotail. If this is true, then further research would be necessary to separate the two different modes included in the 45°structures.
[49] Finally, we would like to discuss the nonequatorward extending PBIs that were associated with swirls along the distinct east-west arc on the poleward boundary of the aurora. We have deduced that these swirls are vortex-like with a counterclockwise sense of rotation and with an azimuthal scale size of $300 km, which suggests that they may be the result of an instability along the separatrix boundary such as the Kelvin -Helmholtz instability. This is in agreement with the observations of Johnson et al. [1998] , who observed such arcs with the UV imager on Freja and termed such arcs ''disturbed arcs.' ' Johnson et al. found that the disturbances along such arcs are auroral spirals and that they have quasiperiodic electric field fluctuations associated with them. These electric field fluctuations are aligned with the disturbed east-west arc. Johnson et al. therefore concluded that velocity shear structures and shear-driven plasma instabilities play a role in the formation of the disturbed arc. This conclusion is further supported by the result of Johnson et al. that such disturbed arcs occur in the dusk to pre-midnight sector. We also observed a total of eight such events, out of which seven occurred near the dusk to premidnight sector and one occurred in the postmidnight sector. All observations of such disturbed arcs with swirls project to the flanks of the magnetotail where sheath and lobe flow is parallel to the separatrix creating favorable Figure 11 . Projection to the equatorial plane of (a) a north-south structure and (b) an east-west arc, associated with equatorward extending PBIs. The north-south structure is a primarily radial structure, while the east-west arc is a primarily azimuthal structure in the tail.
conditions for the generation of the Kelvin -Helmholtz instability along the separatrix boundary.
Conclusions
[50] In conclusion, we have investigated the two-dimensional structure of auroral poleward boundary intensifications (PBIs) and found that equatorward extending PBIs are primarily north-south structures or east-west arcs. The north-south events occur mostly around local midnight. They consist of multiple north-south structures that are azimuthally narrow and longitudinally aligned and that can propagate westward with speeds of $600-800 m/s in the ionosphere. Such north-south structures are known to be the ionospheric projection of fast-flow bursts in the plasma sheet, and we found that they occur during the expansion and recovery phase of substorms as well as during periods without substorm activations and during steady magnetospheric convection (SMC) periods. The east-west events occur mostly in the dusk and pre-midnight sector and consist of series of narrow east-west arcs that are formed near the separatrix and then move equatorward with speeds of $0.8-1 km/s in the ionosphere. The series of east-west arcs can cover the latitudinal width of the auroral oval and we suggest that they may be the result of a global ULF mode in the magnetotail with a radial directed wave vector and a frequency of a several minutes. Finally, nonequatorward extending PBIs occur mostly in the dusk and premidnight sector and tend to be associated with multiple swirls along the east-west poleward arc. They may be the result of plasma shear instability along the flank separatrix.
